In co-ionic conducting solid oxide fuel cell (SOFC), both oxygen ion (O 2− ) and proton (H + ) can transport through the electrolyte, generating steam in both the anode and cathode. Thus the mass transport phenomenon in the electrodes is quite different from that in conventional SOFC with oxygen ion conducting electrolyte (O-SOFC) or with proton conducting electrolyte (H-SOFC). The generation of steam in both electrodes also affects the concentration overpotential loss and further the SOFC performance. However, no detailed modeling study on SOFCs with co-ionic electrolyte has been reported yet. In this paper, a new mathematical model for SOFC based on co-ionic electrolyte was developed to predict its actual performance considering three major kinds of overpotentials. Ohm's law and the Butler-Volmer formula were used to model the ion conduction and electrochemical reactions, respectively. The dusty gas model (DGM) was employed to simulate the mass transport processes in the porous electrodes. Parametric simulations were performed to investigate the effects of proton transfer number (t H ) and current density ( j total ) on the cell performance. It is interesting to find that the co-ionic conducting SOFC could perform better than O-SOFC and H-SOFC by choosing an appropriate proton transfer number. In addition, the co-ionic SOFC shows smaller difference between the anode and cathode concentration overpotentials than O-SOFC and H-SOFC at certain t H values. The results could help material selection for enhancing SOFC performance.
Introduction
Solid oxide fuel cell (SOFC) is an electrochemical device which can convert chemical energy of a fuel into electrical energy directly with high efficiency and fuel flexibility. SOFC mainly consists of three components: anode and cathode provide sites for electrochemical half-reactions, while electrolyte functions as an ion transport medium between the electrodes. According to the type of ions (oxygen ions or protons) transporting in the electrolyte, SOFC can be classified to 2 kinds: oxygen ion conducting SOFC (O-SOFC) and proton conducting SOFC (H-SOFC). Although O-SOFC is traditionally used, previous research indicated that H-SOFC exhibited potentially higher efficiency than O-SOFC [1]. However, it is also reported that most proton conducting oxides show both oxygen ion and proton conductivity, which are called as "co-ionic" oxide [2] [3] [4] .
Different from O-SOFC and H-SOFC, steam is generated at both anode and cathode in co-ionic conducting SOFC, leading to a different mass distribution in both electrodes. As a result, the concentration overpotentials in co-ionic conducting SOFC are essentially different from those in O-SOFC and H-SOFC. It is expected that the co-ionic effect in SOFC might lower down the electrode polarization [5]. However, previous modeling studies on co-ionic conducting SOFC are limited. Huang et al. [6] derived the theoretical open-circuit voltage for SOFC with hybrid conducting (oxygen ion, proton, and electron) electrolyte based on defect chemistry. Bavarian et al. [7] and Demin et al. [8] developed models to predict the performance of SOFCs with co-ionic conducting electrolytes. In Demin's study, the proton transfer number was assumed to be 0.5 while in Bavarian's study, BaCe 1−x Sm x O 3−α was used as the co-ionic conducting electrolyte. No detailed modeling study has been performed to predict the co-ionic SOFC performance considering various overpotential losses and examine the effect of proton transfer Mathematical analysis of SOFC based on co-ionic conducting electrolyte 389 number.
In this paper, a new mathematical model of SOFC based on co-ionic conducting electrolyte was developed to predict its actual performance. The dusty gas model (DGM), Ohm's law, and the Butler-Volmer formula were used to describe the gas transport in pores, ion conduction in the electrolyte, and electrochemical reaction kinetics, respectively. Proton transfer number (t H ) defined as the ratio of proton conductivity to total conductivity was used as an indicator of proton conductivity [8, 9] . Since the co-ionic property mainly affected mass transfer in both anode and cathode when total conductivity was fixed, the effect of t H on concentration overpotentials are investigated. Parametric simulations were performed for anode-supported, electrolytesupported, and cathode-supported SOFCs at various operating voltages to examine the co-ionic effect. Figure 1 shows the working mechanism of SOFC based on co-ionic conducting electrolyte. Hydrogen is fed as fuel and air is used as oxidant. Electrochemical reactions are assumed to occur at the electrode-electrolyte interface only, which is valid as the reaction zone is usually very small compared with the thickness of the electrodes. Since both O 2− and H + can be transported through electrolyte, half-reactions evolved in electrodes are Anode:
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(4) Fig. 1 Working mechanism of SOFC based on co-ionic conducting electrolyte
The equivalent circuit diagram of co-ionic SOFC considering overpotential losses is shown in Fig. 2 . E H and E O represent the electromotive force caused by H + and O 2− conduction, respectively. According to fuel cell thermodynam-ics, E H and E O could be described as [10]
where, P H 2 O,r,c represents partial pressure of water in cathode reaction site, P H 2 O,r,a represents partial pressure of water in anode reaction site, P H 2 ,r represents partial pressure of hydrogen in anode reaction site, P O 2 ,r represents partial pressure of oxygen in cathode reaction site, and R, F, T refer to ideal gas constant (8.314 J/(mol·K)), Faraday constant (96 485 C/mol), operating temperature (K). It is noted that the concentration overpotentials are implicitly included in Eqs. (5) and (6), as the partial pressure of gas species at the reaction sites are used. In operation, the voltage of the cell decreases due to various concentration losses. As the concentration losses have been included in the equilibrium voltages (Eqs. (5) and (6)), the operating voltage U can be calculated as the equilibrium voltage E subtracted by the ohmic and activation overpotentials.
Activation overpotential can be determined by the Butler-Volmer equation [10] η act,i = RT F ln j 2 j 0,i + j 2 j 0,i 2 + 1 , i = a, c,
where j 0 is the exchange current density measuring the electrochemical activity of the electrode. Ohmic overpotential can be determined by the Ohm's law as
where L is the thickness of the electrolyte (m), and σ is the ionic conductivity (S/m). It is noted that, in Eqs. (9) and (10),
